In this paper we investigate the thermal growth of SiO 2 films on Ar + amorphized 6H-SiC. The experimental conditions to grow oxide layers on SiC with high oxidation rate at low temperature have been determined. Rutherford Back Scattering Channeling (RBS-C), Secondary Ion Mass Spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS) analyses show the presence of a C rich film at the SiC interface. The thickness of this layer increases as the oxidation time increases so that after 390 min a SiO 2 C x transition region as thick as 118 nm has been evidenced between the pure stoichiometric layer of SiO 2 and the SiC substrate.
Introduction
In semiconductor device applications involving high power, high frequency, high voltage, and/or high temperature, SiC appears a useful choice thanks its physical properties such as high thermal conductivity, breakdown voltage and, saturation electron drift velocity. Moreover, SiC is the only compound semiconductor that can be thermally oxidized to form SiO 2 , the most studied and used dielectric material in semiconductor technology. Although similarities exist between oxides thermally grown on SiC and on Si [1, 2] , the former exhibits worse electrical performance [3] . Therefore, investigations on oxidation mechanisms and oxide composition are mandatory to understand the phenomena taking place during the thermal growth of SiO 2 on SiC so to control the electrical characteristics of SiO 2 /SiC structure. Recent results [4] have pointed out that the main difference between Si and SiC thermal oxidation is the limiting processes involved in the growth. While the oxide growth on Si is governed, after the early phases of the process, by the diffusion of the oxidant species through the oxide layer, the oxidation of SiC is limited by the reaction in the near interface region. That is, for SiC the behavior can be explained by an oxide thermal growth mechanism in which the oxidant species react in a region near (and including) the oxide/ SiC interface and not at an abrupt interface as in the case of Si. In this near-interface reactive region carbon and/or excess silicon (from SiC not completely oxidized or from Si interstitials injected as a result of SiC oxidation) may also be present and involved in the oxidation process. Taking into account these results obtained on crystalline SiC, the investigation of the thermal oxidation on an amorphized SiC layer can introduce new insights for the understanding of the phenomena occurring in the near-interface region. In fact, due to the breakage of the strong covalent bond of the SiC lattice, a completely amorphized SiC surface acts as an easier source of Si and C atoms during the oxide growth.
In this work, the oxidation of silicon carbide after preamorphization of the substrate by Ar + implantation was considered. Low oxidation temperature was chosen to be sure to investigate the oxide thermal growth on the amorphized SiC also for long oxidation time. In fact, as argued in [5] , on ion-beam amorphized SiC the oxidation competes with the crystal regrowth and, for example, at temperature as high as 1100°C the oxidation process takes place on a reorganized polycrystalline structure.
Experimental
In this paper, we investigate the thermal growth of SiO 2 films on ion amorphized 6H-SiC. Si-face, on-axis, n-type bulk substrates were used. Room temperature Ar + implantation at the energy of 170 keV with the fluence of 1.1x10 15 cm -2 was carried out to produce an amorphous layer about 200 nm thick. Wet oxidation was performed at 800°C for different times, ranging between 30 and 390 min. A set of silicon samples has been oxidized in the same conditions of the SiC one, in order to compare the oxide growth kinetics.
SiC oxidized samples were analyzed by RBS-C and, the thickness and the composition of the oxide film were calculated by simulating the collected spectra by the RUMP code [6] . The thickness of the layers was first computed as atoms per unit area. The conversion in unit length has been executed in the hypothesis that all the Si and O atoms contained in the films contribute at a stoichiometric SiO 2 phase, independently of the C presence. Ellipsometric measurements were performed to determine the thickness of the oxide layer grown on Si samples. SIMS analysis using cesium ions with 3 keV of impact energy was carried out to investigate the O, C and Si concentration depth profiles in SiO 2 . MCs + ions have been monitored in order to minimize matrix effects. XPS analyses, in conjunction with step by step etching of the oxide (HF 1%), were accomplished on SiO 2 film thermally grown on Ar-bombarded SiC substrate. These measurements were performed using a monochromatized Al K α source (hν = 1486.6 eV), at a fixed emission angle of 90°. Photoelectrons from Si-2p, C-1s, and O-1s core levels were collected to probe the chemical composition of the oxide as a function of the depth.
Results and Discussion
The oxide thickness growth on preamorphized SiC, and for comparison on (100) oriented crystalline Si, as a function of oxidation time at 800°C in wet atmosphere is reported in Fig. 1 . For Si oxidation the oxide grows following the Deal-Grove law [7] with a linear rate k l = 0.73 nm/min and a parabolic rate k p = 529 nm 2 /min. The results show a linear behavior for the first 120 nm indicating that the process is controlled by the reaction at the Si interface between Si and the oxidizing species. For times longer than about 120 min a lowering of the oxidation rate occurs due to the reduced flux of the oxidizing species which diffuses through the oxide. For the amorphized SiC the oxide growths linearly for all the considered times with a rate very similar to the one of Si, so that at longer times, when Si oxidation starts to show the parabolic behavior, the oxide grown on SiC is thicker than the one grown on Si. These results evidence the possibility to grow relatively thick oxide at low temperature also on SiC provided the oxidation occurs on amorphous material.
However the oxide grown on Si is stoichiometric SiO 2, while the one grown on SiC presents a more complex structure. Fig. 2 shows the <0001> RBS-C analysis of the sample oxidized for 390 min. The simulation of the spectrum requires to consider a carbon rich layer SiO 2 C x (x=0.75) of 118 nm between a 120 nm of stoichiometric SiO 2 and the SiC substrate. A similar structure was assumed for simulating all the RBS spectra except those of the samples treated for 90 and 30 min. In both these specimens, the signal related to an oxide carbon rich layer was not visible because of the not sufficient depth resolution of the RBS spectrometry, and a single layer with stoichimetric SiO 2 was assumed. However, also in these samples SIMS and XPS spectrometry detected the presence of a double-layer oxide structure. SIMS profile of the sample oxidized for 90 min is reported in Fig. 3 . In the oxide layer faced to the SiC, a high carbon concentration is clearly visible. Fig. 4 reports C, Si, O atomic concentrations as a function of depth in an oxide film grown in 90 min as determined by XPS spectra. Photoelectron signals from Si 2p, C 1s, O 1s were collected after successive etching steps of the oxide film. The element concentrations have been calculated from the ratio between the area of every region (Si 2p or C 1s or O 1s) and the total of the three contributions, moreover the atomic sensitivity factors were used. These data evidence a very high carbon concentration in proximity of the SiC substrate associated with a reduction of the O/Si ratio (lower than 1). The analysis of the C bonding states, performed on the C 1s spectra (not here reported) recorded in the oxide at the proximity of the SiC surface, suggests that the strong increase of the carbon concentration is mainly due to C-C bonds and Si-O-C bonds. The reported results, in agreement with literature [8] [9] [10] , suggest the presence of a thin carbon rich suboxide layer at the SiC surface also for the shorter oxidation times; this layer is so thin (max 15nm) that its presence is not detectable by RBS analysis. Over this interface film a stoichiometric oxide is grown and when the oxidation is made on amorphous SiC substrate the enhancement of the oxidation rate induces the formation of an additional transitional region with a large (15-20 %) carbon presence.
Conclusions
Experimental conditions to grow oxide layers on SiC with high oxidation rate at low temperature have been determined. Oxidation was performed in wet ambient on preamorphized SiC at 800°C for times up to 390 min. A linear regime of the oxide growth has been found and a constant rate similar to the one obtained on (100) oriented crystalline Si has been determined. For times longer than 120 min, when silicon oxidation starts to show the parabolic behavior, the oxide grown on SiC is thicker than one grown on Si. However, long oxidation times induce the formation of a thick transition region with a high C concentration between the SiC interface and the pure stoichiometric oxide. The formation of a so thick layer with C presence is probably connected to the low process temperature and the amorphous structure of the substrate. Otherwise to the published data [11] [12] [13] , in our experimental conditions amorphized SiC substrate acts as a rich Si and C source. The use of low oxidation temperature prevents the crystallization of the SiC before the oxidation, but at the same time reduces CO out diffusion. In these conditions oxidation process is fast, but only the superficial oxide film is free of C atoms. A post oxidation thermal treatment should eliminate the carbon presence from the film and allow obtaining stoichiometric SiO 2 . Following this procedure, thick oxides grown with high oxidation rate and presenting the typical SiO 2 characteristics are expected.
